(Received 17 January 2014; accepted 27 January 2014; published online 10 February 2014) We measure the ultrafast optical response of lithographically defined quantum dot amplifiers at 40 K. Recovery of the gain mostly occurs in less than 1 picosecond, with some longer-term transients attributable to carrier heating. Recovery of the absorption proceeds on a much longer timescale, representative of relaxation between quantum dot levels and carrier recombination. We also measure transparency current-density in these devices. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4865238] Semiconductor amplifiers and lasers with active regions containing epitaxial quantum dots (QDs) have received considerable attention for operation at high speeds. Monolithic mode-locked lasers based on selfassembled QDs have generated pulses shorter than a picosecond 1 while QD amplifiers exhibit an ultrafast gain recovery as short as 100 fs. 2 Recently, coherent pulse shaping has been confirmed in QD amplifiers up to room temperature. 3 The unique zero-dimensional density of states in the QD active region is responsible for these properties, allowing for reduced linewidth enhancement factor and broad gain bandwidth, 4 along with fast refilling of carriers from excited states. So far, all of this progress have been made with QDs fabricated by the self-assembly (Stranski-Krastanov) growth process. Recently, lasers and amplifiers incorporating lithographically defined QDs (LDQDs) have been demonstrated. 5 Improvements in LDQDs will be beneficial for devices that require deterministic placement of QDs or better control of the QDs size and shape distribution. Since carrier dynamics depend critically on the details of the electronic states in the QD and surrounding material, it is not clear if LDQDs will exhibit the same ultrafast response that is present in self-assembled QDs. In particular, the direct-write nature of the LDQD fabrication process does not require the formation of a wetting layer before nucleation of the dots, which is expected to have a large impact on the relaxation and recovery dynamics. 6 To date, no studies on the ultrafast response of LDQDs have been performed while picosecond timeresolved luminescence measurements have been limited to non-resonant excitation. Therefore, the lifetime of the states confined to the QDs has yet to be determined.
In this Letter, we report resonant ultrafast differentialtransmission measurements on a semiconductor amplifier containing two layers of LDQDs. We measure the carrier dynamics of the QDs in both absorbing and amplifying states and directly obtain the lifetime of optically-induced states. By comparing the population decay with time-resolved luminescence measurements, we obtain important information on the transfer of carriers between the barrier regions and the confined QD states. Furthermore, we show that differential-transmission spectroscopy provides a convenient way to measure the transparency current density.
The investigated device has a typical diode-laser structure with the two layers of LDQDs embedded in the waveguide core. Details of the growth and fabrication are given elsewhere. 5 A schematic of the cross section for this device is shown in Fig. 1(a) . Briefly, the QD layers are 6 nm thick with 6 nm of GaAs between them. The QDs are defined by electron-beam lithography, wet-etched using a titanium mask, and the barrier material is regrown after reintroduction to the MOCVD reactor. The average QD diameter is 55 nm, arranged in a triangular lattice with 140 nm pitch, yielding a QD density of 6 Â 10 9 cm
À2
. The QDs are vertically stacked, so weak electronic coupling is possible across the barrier region. Band structure calculations reveal a manifold of closely spaced low-energy states, which are responsible for a broad-emission peak in the electroluminescence measurement at low injection currents. This peak is evident, centered at 885 nm, in the data shown in Fig. 1(b) under 3 mA injection current. As the injection current is increased, clear emission from excited states occurs, and it is from these excited states that lasing action is initiated. To date, lasing in the ground state has not been achieved because the gain is not sufficient to overcome cavity loses.
For all measurements shown here, the waveguide is mounted in a continuous flow liquid He optical cryostat with a sample temperature of 40 K. The differential-transmission measurements are carried out with a mode-locked Ti:Sapphire laser that generates 90 fs pulses, tunable over the wavelength range of interest. We use a heterodyne pump-probe method suitable to waveguide devices where collinear and co-polarized pulses need to be separated with high contrast. 7 The laser is split into three different paths, probe, pump, and reference. Two acousto-optic modulators are used to impart slightly different frequency shifts to the pump and probe beams. The collinear and co-polarized pump and probe pulses, separated in time by a suitable delay, are coupled into the waveguide containing the quantum dots. The reference beam is then combined with the output of the QD in a single-mode optical fiber. The heterodyne beat between the probe and the reference beams is detected with a photodiode and recorded with a radiofrequency spectrum analyzer. With this detection scheme, we can detect changes to the probe beam without contamination from the intense pump beam present in the detector.
In Figure 2 (a), we show recovery dynamics at 875 nm for the device biased in both the absorbing and amplifying bias conditions, with injections currents of 3 and 15 mA, respectively. Recovery proceeds faster in the amplifying regime compared to the absorbing regime, which is an indication that different mechanisms are responsible for recovery of the carrier density for the two different bias conditions. This behavior is typical for epitaxial QDs and is further indication of true three-dimensional confinement in these structures. In the absorbing regime, the states are initially empty and recovery of the spectral hole proceeds by spontaneous emission, non-radiative recombination, or relaxation to other QD states. Time-resolved photoluminescence (TRPL) measurements of these devices in the absorption regime have shown a bi-exponential recovery with characteristic time constants of-100-300 ps and 1-2 ns. 8 It is therefore most likely that the approximately 100 ps response time seen in our measurements can be correlated with the fast recovery seen by TRPL. Moreover, when biased for amplification, the gain recovers as carriers in higher-lying QD states or GaAs barrier material refill the states emptied by stimulated emission. In our device, this proceeds on the picosecond time scale.
At an injection current of 7 mA, the differential transmission signal is approximately zero, which is a clear indication of reaching the transparency current density. At this current density, stimulated absorption and emission are completely balanced; therefore, there is no net change in the carrier population induced by the pump beam (see Fig. 2(b) ). The standard method for measuring the transparency current is to extrapolate measured threshold currents of devices cleaved to various lengths. Since this approach has proved impractical for LDQD lasers, our measurement is a convenient way to obtain this key parameter. Our method allows us to determine the transparency current for states not resonant with the laser emission. As an example, when probing this device at 875 nm, transparency occurs at 7.5 mA (62 A/cm 2 ). Transparency will occur when the relevant QD states are half full, which is a carrier density of one electron per dot for the ground-state transition, assuming that all carriers relax to the QDs from the barrier material quickly. The carrier density in the active region is determined by the injection rate (current) and the lifetime of the carriers (Eq. (1))
where n th represents the carrier density at threshold, J is the current density, s c is the carrier lifetime, and q is the electron charge. In this case, it is appropriate to use the lifetime as measured by TRPL, since this should be the best estimate for the rate at which carriers are actually leaving the QD. With these assumptions, a carrier density of 7.4 Â 10 11 cm À2 is obtained at a transparency current of 7.5 mA or 64 electrons per QD. This is in sharp contrast to self-assembled QDs, in which transparency is reached at a few electrons per dot, or, in some cases, even less than one electron per dot. 9 Understanding that we are measuring on the high-energy side of the ground state transition, there may be a few states to fill before the one being probed here, especially since calculations show the presence of closely space excited states in these relatively large QDs. 10 This will not change the obvious conclusion that most carriers are not, in fact, being efficiently injected into the QDs. This is also supported by TRPL measurements that show a significantly longer rise time than self-assembled QDs and an extremely long transient from the barrier material feeding the QDs. 8 The benefit of resonant excitation, as employed here, is that we can remove the effects of the complicated carrier capture process on the measured dynamics, leaving just the decay of the optically excited QD excitons to be interpreted. This advantage is especially useful in systems exhibiting slow carrier capture from higher-lying, 3-dimensional states, such as the one investigated here.
In previous studies, Verma et al. 8 performed TRPL measurements on a LDQD sample with excitation of the barrier regions with the device biased for absorption. The TRPL data showed three separate processes: A 200-400 ps rise time, a 200-500 ps fast decay, and a slower 1 ns decay. Because the measurements presented in this paper are based on resonant excitation, the rise time is not present as this can be attributed to capture from the barrier material. In addition, the long time constant is also associated with the very slow capture from the GaAs barrier, seen as refilling the QDs with carriers as they recombine. In Ref. 8, the recombination process was completely masked by this long refilling time, and the carrier lifetime could not be determined. By directly exciting the QD with the laser tuned to the ground state, our measurements show a recovery in 300 ps. This fast recovery is entirely attributable to carrier recombination. Thus, by performing resonant excitation spectroscopy, we measured the recombination rate in these LDQD structures.
Let us now take a closer look at the dynamics with the device in the absorbing regime. By varying parameters such as excitation wavelength and sample bias, we are able to measure time constants for different relaxation paths. In Fig.  3(a) , the device is biased at 3 mA, which is well below transparency for both wavelengths probed. In this case, the QDs are mostly empty, and the time constant for recovery is similar for both states. In Fig. 3(b) , the device is biased near transparency for the 875 nm transition, meaning that these states are approaching half full. The time constant for 875 nm remains approximately the same, but there is a significant increase in the relaxation rate for the 860 nm state. To verify this trend, we fit responses from this device over a wide range of biases to a single exponential. The results of these fits are shown in Fig. 3(c) . There is a spread in the fitted responses, but a clear trend towards increasing decay rate with higher carrier density is evident in the 860 nm data, while the rate remains relatively constant for 875 nm until transparency is reached.
In order to understand the dynamics displayed in Fig. 3 , we first need to make an assumption about the QD energy levels. There is strong evidence that pumping and probing the device at 875 nm corresponds to a ground-state excitation in the majority of QDs from which we obtain a response. As mentioned previously, assigning energies to ground-state transitions is difficult in these structures due to the closely spaced electron and hole levels. Even so, the lack of carrier dependence of the relaxation time at this energy is a strong indication that there are few states in the QDs available for carriers excited at 875 nm to relax to. This is also consistent with low-injection electroluminescence measurements (see the insets of Fig. 3) , where it is shown that 875 nm is just on the high-energy side of the only recognizable peak. Thus, the approximately 130 ps relaxation constant can be attributed to either radiative decay or a non-radiative process that empties the QD of carriers. When compared to SAQDs, the recombination of carriers is significantly faster. It is tempting to attribute this to a stronger radiative transition expected for QDs with larger lateral dimension, 11 but this is not supported by measurements of the small signal gain and loss. Most likely, non-radiative recombination at etched interfaces is responsible.
The 860 nm laser excitation is well above the lowinjection luminescence peak, therefore it is expected that relaxation to lower energy states will be possible. The increasing decay rate with increased injection seen in Fig. 3(c) is, at first, surprising because as the QD ground state becomes full, there will be fewer final states for the carriers to relax to (see Fig. 4 ). In this case, the reduction in final scattering states due to QD filling is overcome by the increase in carrier-carrier scattering rates. It has been shown in other 0-dimensional systems 12, 13 that the presence of carriers in the QD and in the surrounding barrier material speed relaxation and in some cases is critical for breaking the socalled phonon bottleneck.
14 What is not clear, in this case, is which carriers are responsible for the increased decay rate. If the barrier material was responsible, a single exponential decay should be observed with a rate that increases with the carrier concentration in the barrier. If inter-dot scattering is responsible, the decay would be bi-exponential, with responses from empty dots and filled dots contributing. 12 As the bias is increased, the filled dot response would begin to dominate. Unfortunately, we do not have the signal-to-noise in our data to distinguish between these two different processes. We can speculate that inter-dot scattering is more likely the cause, since the lack of wetting layer in these structures and the very slow capture rate from the barrier material 8 indicate a weak interaction between dot states and unbound states. The slow capture rate will also ensure that there are far more carriers in the barrier material than the QD. Further work is required to confirm the details of this process.
In summary, we have employed ultrafast differentialtransmission spectroscopy to measure relaxation lifetimes and transparency current density in lithographically defined quantum dots. We confirm poor capture rates into the QD states from the barrier material and measure the ground-state lifetime to be approximately 130 ps. We have also highlighted the importance of carrier-carrier interaction on interdot relaxation processes. (a) , the electron has only its paired hole to scatter with. In (b), there are many carriers, both in the dot and in the barrier material, thus easing conservation-of-energy requirements for relaxation to the ground state.
